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The observation of metallic interface between band insulators LaAlO3 and SrTiO3 has led to massive efforts
to understand the origin of the phenomenon as well as to search for other systems hosting such two dimensional
electron gases (2-DEG). However, the understanding of the origin of the 2-DEG is very often hindered as
several possible mechanisms such as polar catastrophe, cationic intermixing and oxygen vacancy (OV) etc. can
be operative simultaneously. The presence of a heavy element makes KTaO3 (KTO) based 2-DEG a potential
platform to investigate spin orbit coupling driven novel electronic and magnetic phenomena. In this work, we
investigate the sole effect of the OV, which makes KTO metallic. Our detailed ab initio calculations not only
find partially filled conduction bands in the presence of an OV but also predict a highly localized mid-gap state
due to the linear clustering of OVs around Ta. Photoluminescence measurements indeed reveal the existence of
such mid-gap state and O K-edge X-ray absorption spectroscopy finds electron doping in Ta t∗2g antibonding
states. This present work suggests that one should be cautious about the possible presence of OVs within KTO
substrate in interpreting metallic behavior of KTO based 2-DEG.
SrTiO3-based oxide heterostructures are hosts of several
emergent phenomena such as two-dimensional electron gas
(2-DEG), ferromagnetism, superconductivity, etc1–9. The
larger carrier density (≥ 1013-1014 cm−2 vs. 1010- 1012
cm−2) and shorter confinement length (1-2 nm vs. 10 nm)
of the carriers at the interface of these SrTiO3 (STO) based 2-
DEGs, compared to traditional semiconductor 2-DEGs makes
these systems attractive for device applications3,10. However,
mobility of these STO-based heterostructures is significantly
low compared to semiconductor 2-DEGs, prompting to search
for non-STO based 2-DEG systems11. Bulk KTO is a wide
band gap insulator (Eg ∼ 3.5 eV) and has a lot of similarities
with STO such as cubic structure, quantum paraelectricity12
etc. Similar to STO, electron doping makes KTO metallic and
even superconducting at very low temperature13–15. The pres-
ence of heavy element Ta further offers possibility of achiev-
ing new emergent phases due to strong spin orbit coupling
(SOC) and several experimental works about KTO based het-
erostructures have been reported over the last few years16–25.
Comparable values of SOC strength with other energy scales
in KTO leads to significant reconstruction of orbital symme-
tries26 at the surface which can further result non-trivial spin-
orbital texturing27 of conduction electrons. Presence of such
unconventional spin texturing of conduction electrons can be
further utilized for engineering novel topological phenomena
such as topological Hall effect28, making KTO based 2DEG a
unique platform for topological spintronics applications29.
Similar to the controversial origin of the metallic behav-
ior in LaAlO3/SrTiO3 interface30–37, the origin of 2-DEG in
KTO based heterostructures has been linked to electronic re-
construction due to polar catastrophe19,24, as well as OV for-
mation21. While a higher carrier density has been achieved in
LaTiO3/KTO interface as predicted by the polar catastrophe
model19, the presence of OVs within KTO substrate is also
highly probable due to the use of high vacuum atmosphere
during the growth.
In order to understand the sole effect of OV without any
involvement of polar catastrophe and cationic intermixing is-
sues20, we have deliberately introduced OV in KTO single
crystal through thermal annealing in a reduced atmosphere.
In contrast to the method of electron doping by Ar+ bombard-
ment, the present method does not damage crystallinity of the
sample and results metallic KTO. Each OV donates two elec-
trons into the system and our ab initio calculations with iso-
lated OV finds that both of these electrons are doped into the
conduction band, derived from Ta t2g∗ anti bonding states, re-
sulting metallic behavior. We further find that linear clustering
of OVs is more favorable than the formation of isolated OVs.
Moreover, our calculations predict that such clustering would
lead to the formation of a narrow mid-gap state between the
fully filled valence band and partially filled conduction band.
The existence of such mid-gap states has been confirmed by
photoluminescence (PL) measurements. Our O K-edge X-
ray absorption spectroscopy (XAS) measurements also reveal
electron doping in Ta t∗2g bands, as predicted by the ab initio
calculations.
Commercially available (Princeton Scientific Corporation)
KTO (0 0 1) single crystal (5 mm × 5 mm × 0.5 mm) was
sealed with Ti metal wire in a quartz tube under a vacuum
of 10−4 bar38. This sealed tube was heated at 900◦C for 24
hrs. Temperature dependent dielectric measurement was car-
ried out using impedance analyzer from Keysight technology
instruments (Model No- E49908). Resistance was measured
with wire-bonded Al contact in a Van der Pauw geometry us-
ing a 9 Tesla Physical Property Measurement system (Quan-
tum Design). XAS measurement on O K-edge at 300 K was
carried out at 4-ID-C beamline of Advanced Photon Source,
Argonne National Laboratory. PL spectra was collected in
Horiba LabRAM HR instrument under excitation with a 266
nm ultraviolet laser at room temperature. The ab initio calcu-
lations were carried out using the QUANTUM ESPRESSO
package39. Perdew, Burke and Ernzerhof generalized gra-
dient approximation was used for the exchange correlation
functional40. Optimized norm conserving pseudopotentials?
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2FIG. 1. (Color online) (a) Temperature dependence of dielectric
constant () and dielectric loss (tan δ) of pristine KTO. (b) Tempera-
ture dependence of sheet resistance for oxygen deficient KTO. Band
structure of (c) pristine KTO for a 2×2×2 supercell and (d) oxy-
gen deficient KTO (KTaO2.875) for a supercell of size 2×2×2 with
single isolated oxygen vacancy.
were used in all the calculations. The Brillouin zone was sam-
pled with 8 × 8 × 8 k-points for the unit cell and the wave
functions were expanded in plane waves with an energy up
to 90 Ry. In order to capture the effect of SOC a fully rel-
ativistic pseudopotential was used for the Ta atom. We have
performed non-collinear density functional theory (DFT) cal-
culations owing to the presence of strong SOC on Ta atom.
Upon including an additional onsite Coulomb potential of
1.35 eV on the Ta d-orbitals, the qualitative conclusions re-
main unchanged41. The structural relaxations were performed
until the force on each atom reduces to 0.07 eV/A˚.
Fig. 1(a) shows the temperature dependent dielectric con-
stant () and dielectric loss (tan δ) of as received pristine KTO
single crystal. The values of  and tan δ and their temperature
dependencies are very similar to earlier works42,43. KTO, an-
nealed in presence of Ti wire becomes metal as evident from
the temperature dependent sheet resistance (RS) from 2 K to
300 K (Fig. 1(b)). Upon reheating this sample in oxygen
atmosphere, we found that it becomes insulating, establishing
that the origin of metallic behavior is related to the presence of
OVs. The RS of oxygen deficient KTO at 300 K is about two
order of magnitude smaller compared to that of 2-DEG be-
havior of LaTiO3/KTaO319, EuO/KTaO321, LaVO3/KTaO324
heterostructures. Similar to the cases of thin films grown on
KTO substrates19,21,24, RS becomes temperature independent
at low temperature due to the dominant contribution of elec-
tron scattering from defects11,44. Assuming single band trans-
port, we found carrier density nS ∼ 2×1015 cm2 and electron
FIG. 2. (Color online) (a) Various relative configurations for oxygen
divacancy in KTO. (b) The band structure plot of apical divacancy
(configuration B) situated along z direction for a 2× 2× 4 supercell
is shown in left panel. The defect band is marked with color red.
Right panel shows the projected density of states (PDOS) for Ta 5d
orbitals in bluish color along with total density of states in yellow
color. The inset depicts the isosurface of squired wave function for
the defect band which shows Ta d3z2−r2 characteristics.
mobility µe ∼ 20 cm2/V-s at room temperature from Hall ef-
fect measurement (not shown).
In order to understand the modification of electronic struc-
ture in presence of OV, we have performed electronic structure
calculations. We found the lattice parameter of cubic KTO to
be 4.02 A˚ which is very close to the experimentally reported
value (3.989 A˚ 45). The band structure of pristine KTO (for
a 2 × 2 × 2 supercell) is shown in Fig. 1 (c). In this calcu-
lation, we found band gap of 2.05 eV, which is also in good
agreement with previous DFT results46–48. Our calculations
also found a split of the conduction bands at Γ point by 400
meV, as reported before16,17. To examine the effect of OV,
we first considered isolated OV, as found by scanning probe
microscopy study on vacuum annealed KTO49. For the cal-
culations with an isolated OV, we considered a 2 × 2 × 2
supercell, which corresponds to OV concentration of 4.2%.
As evident from the band structure plot shown in Fig.1(d), the
Fermi level is shifted to the conduction band, describing the
experimentally observed metallic phase of oxygen deficient
KTO (density of states have been shown in Supplemental In-
formation (SI)? ). Our calculations find that one isolated OV
donates two electrons to the conduction band. Among the 24
t2g bands (3 t2g bands for each Ta) in the conduction band
manifold, six bands are partially filled by the two electrons.
3No localized defect state is found in the gap. This conclu-
sion remains unaffected upon increasing the supercell size to
3× 3× 3.
Apart from the existence of isolated OV, perovskite com-
pounds like STO also show a strong tendency for OV clus-
tering50–53. To examine such clustering, we have considered
a 2 × 2 × 4 supercell containing two OVs with 4 different
arrangements of OV (see Fig. 2(a) for the relative position of
two OVs). To check the stability of such defect configura-
tions, we have calculated the defect formation energyEf [Ov],
defined as54
Ef [mOv] = Etot[mOv] +
1
2
mµO2 − Etot[0Ov] (1)
where Etot[mOv] is the total energy of the system with m
number of OV,Etot[0Ov] is the total energy of the pristine cell
and µO2 is the chemical potential of oxygen molecule. Forma-
tion energies for isolated OV as well as oxygen divacancy for
different configurations are listed in the TABLE I. The oxygen
defect formation energies are in the same range that have been
reported for other perovskite oxides55,56. Moreover, we found
that the linear oxygen divacancy around a Ta atom (configura-
tion B) has the lowest formation energy which suggests that in
a real system the formation of a linear oxygen divacancy has
a higher probability than two isolated vacancies.
TABLE I. Table of formation energy Ef per OV, and interaction en-
ergy Eint for different oxygen divacancy configurations in KTO.
Configuration Formation Energy Interaction Energy
Ef (eV) Eint (eV)
A 6.6 0.9
B 5.9 -0.5
C 6.4 0.4
D 6.7 1.0
single OV 6.8 –
Owing to the fact that the divacancies have lower forma-
tion energy compared to two isolated OVs, we also calculated
the interaction energy Eint between the vacancies which is
defined as51
Eint = Etot[2Ov] + Etot[0Ov]− 2Etot[1Ov] (2)
The negative (positive) sign of Eint specifies whether the in-
teraction is attractive (repulsive). The interaction energies for
different divacancy configurations are listed in the TABLE I.
As can be seen, the configuration B, also known as apical di-
vacancy (OV-Ta-OV) has the most attractive interaction, im-
plying that it is the most favorable configuration among all
divacancy configurations. Our calculations demonstrate that
the linear vacancy clustering is favorable around Ta. It should
be noted that even though the configurations B and D have the
same separation between the two vacancies, the Eint is very
different. This implies that the location of the vacancies is
important and not just the relative distance.
Left panel of Fig. 2(b) shows the band structure plot of
configuration B and projected density of states (PDOS) right
next to it with the same energy scale used in the band structure
FIG. 3. (Color online) (a) PL spectra of pristine and oxygen defi-
cient KTO. The inset shows the zoomed in view of mid-gap states
around 1.8 eV. (b) The first panel corresponds to the near band edge
emission. The second panel shows the recombination process be-
tween the excited electrons and the self-trapped excited holes. The
third panel demonstrates the recombination process of excited holes
and electrons in a self-trapped excited state. The fourth panel high-
lights the recombination process via defect band resulting in the peak
around 1.8 eV in PL. Filled circle denotes electrons and open circle
denotes holes.
plot. Apart from the partially filled conduction bands, we find
a highly localized defect band (marked in red color), which is
almost equidistant from conduction and valence band edges.
This localized defect state is occupied. The PDOS plot shows
that the defect band is mainly contributed by the Ta 5d states.
The isosurface plot of the squared wave function of the defect
band (inset of Fig. 2(b)) is localized around the Ta atom in
between the two OVs. The d3z2−r2 symmetry of this occupied
defect band is related to the fact that the particular Ta atom
with oxygen divacancy has square planar environment locally
and the d3z2−r2 is the lowest orbital for square planar crystal
field57. Highly localized defect band has been also obtained
in band structure calculation for the configurations A and C
(shown in SI? ). We have also verified our results with a bigger
supercell of size 4 × 4 × 4 and the overall results remain
unchanged.
In order to check the presence of such mid-gap state, we
did PL measurement as this technique has been found to be
very successful in locating the exact position of such defect
states in oxygen deficient STO58–62. Fig. 3(a) shows the room-
temperature PL spectra for the pristine and oxygen deficient
KTO. The corresponding mechanism for the peaks marked by
1, 2, 3, and 4 have been shown in Fig. 3(b). The peak at
3.5 eV for the pristine sample corresponds to the near band
edge emission. Position of this peak directly corresponds to
4FIG. 4. (Color online) (a) O K-edge XAS spectra for pristine and
oxygen deficient KTO along with O 2p PDOS for pristine KTO. (b)
A schematic to show electronic structure modification of KTO due
to oxygen vacancies.
the band gap of KTO and matches very well with the reported
band gap from UV-visible spectroscopy45. Since, this transi-
tion occurs from bottom of conduction band to top of valence
band, this peak is also observed for oxygen deficient KTO.
KTO is an incipient ferroelectric12 and has strong electron-
phonon coupling63. In presence of electron-phonon coupling,
photo generated electron and hole pairs are quickly trapped
by phonons to form more stable self-trapped electron/hole
states64–66. Recombination between these self-trapped elec-
tron and hole centres ( 3rd panel of 3(b)) leads to the ‘green’
luminescence around 2.4 eV, which has been reported exten-
sively in various perovskite oxides67 including KTO63. This
feature is strongly enhanced in present case upon introduction
of OV, as reported earlier for STO68. The peak at 2.95 eV can
be attributed to the recombination of excited and conduction
electrons with the self-trapped holes (2nd panel of the Fig. 3
(b)).
Apart from these broad features, two new peaks have been
observed at 1.81 eV and 1.88 eV (also see inset of Fig. 3(a))
upon the creation of OV. The origin of these peaks can be
understood by considering a defect band, which would be at
1.8 eV below the minima of conduction band (4th panel of Fig.
3(b)). This mid-gap state is separated equally from the valence
and conduction band. As obtained from calculations, such lo-
calized mid-gap states can only be accounted by considering
clustering of OVs. Furthermore, the band structure plot (Fig.
2(b)) for the most favorable apical divacancy case (configura-
tion B in Fig. 2(a)) has also demonstrated that the defect state
is in the middle of the valence band and conduction band. This
strongly implies the presence of linear clustering of vacancies
in our oxygen vacant KTO sample.
PL measurements provides information of energy levels be-
tween the top of valence band and the bottom of conduction
band. In order to understand the effect of oxygen vacancy
in the unoccupied density of states, we measured O K-edge
XAS, where one core electron from O 1s state is excited to O
2p states69. In an ionic picture, such O 1s → O 2p transition
is not allowed as 2p orbitals are completely occupied for the
O2− ion. However, the strong hybridization between oxygen
and other elements in a real material gives rise to a finite spec-
tral weight of oxygen 2p character in the unoccupied density
of states, which can be approximately described by O K-edge
XAS70. Normalized XAS spectra, recorded in bulk sensitive
total fluorescence yield (TFY) mode have been compared in
Fig. 4(a). To understand the origin of various features of these
XAS spectra, convoluted density of states of O 2p states has
been also plotted (for details see SI? ). The first peak around
531.3 eV is due to transition to the states just above Fermi
level and primarily consists of Ta 5d t2g orbital, hybridized
with O 2p orbitals71. The lower intensity of this peak in oxy-
gen deficient sample, compared to the pristine KTO implies
that some of the doped electrons have occupied Ta t2g∗ states,
which is also concluded by our calculations shown in Fig. 1
and 2. The features from 534 eV to 544 ev are related to the
transitions to the Ta 5d eg , Ta 6s, K 4s states hybridized with
O 2p (see SM). Finally, combining the results of DFT calcu-
lations, PL and O K edge XAS measurements, we show a
schematic (Fig. 4(b)) to summarize the electronic structure
modification of KTO due to OVs.
To conclude, we have successfully demonstrated the sole
effect of oxygen vacancy on electronic structure of KTO.
Pristine insulating KTO undergoes insulator to metal transi-
tion (IMT) upon oxygen vacancy creation. DFT calculations
shows that IMT can be explained by just considering isolated
oxygen vacancies. Further our DFT calculations combined
with photoluminescence measurements reveal that linear clus-
tering of oxygen vacancies around Ta atom leads to the for-
mation of very localized state within the band gap, which can
result fascinating magnetotransport phenomena in KTO? .
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Density of state (DOS) for pristine KTO and KTO with single oxygen vacancy: Fig S1 (a) shows the
total DOS for the pristine KTO along with PDOS for Ta 5d (yellow in color) state and O 2p (green in color) state. The states
below -2 eV are Ta d-O p bonding states and O p non bonding states are located within -2 eV and 0 eV. Fig S1 (b) shows the
DOS for KTO with single oxygen vacancy of supercell size 2 × 2 × 2. The conduction band manifold is contributed by Ta 5d
antibonding states.
FIG. S1. (a) DOS for the pristine KTO. (b) DOS for KTO with single oxygen vacancy in the supercell of size 2× 2× 2.
8Band structure plot for configuration A and C: Fig. S2 (a) shows the band structure for the configuration A
(also see Fig. 2 of main text for the definition of various divacancy configurations). We have found the mid-gap state (shown in
color red) for this configuration of oxygen vacancy also, however it should be noted that the position of the defect state is shifted
towards the conduction band manifold compared to the lowest energy configuration B. We have also found mid-gap state for
configuration C as shown in Fig. S2 (b). If we compare the gap ∆E between the mid-gap state and the conduction band minima
then it follows the trend: ∆EC < ∆EA < ∆EB .
FIG. S2. (a) Band structure for configuration A. (b) Band structure for configuration C
Orbital characters of bands above Fermi level: From the density of states plot (Fig. S3), it is evident that states
just above the Fermi level are Ta 5d t2g states. The states with 6.5 eV to 17 eV are contributed by Ta 5d eg , Ta 6s and K 4s. All
of these states are strongly hybridized with O 2p states.
FIG. S3. Total DOS along with PDOS for O 2p, Ta 5d, Ta 6s and K 4s for KTO unit cell. Zero of the energy refers to Fermi level.
